The Newark Basin is one of the major Mesozoic rift basins along the U.S. Atlantic coast evaluated for carbon dioxide (CO 2 ) storage potential. Its geologic setting offers an opportunity to assess both the traditional reservoir targets, e.g., fluvial sandstones, and less traditional options for CO 2 storage, e.g., mafic intrusions and lavas. Select samples from the basal, predominantly fluvial, Stockton Formation are characterized by relatively high porosity (8%-18%) and air permeability (0.1-50 mD), but borehole hydraulic tests suggest negligible transmissivity even in the high-porosity intervals, emphasizing the importance of scale in evaluating reservoir properties of heterogeneous formations. A stratigraphic hole drilled by TriCarb Consortium for Carbon Sequestration in the northern basin also intersected numerous sandstone layers in the predominantly lacustrine Passaic Formation, characterized by core porosity and permeability up to 18% and 2000 mD. However, those layers are shallow (predominantly above 1 km in this part of the basin) and lack prominent caprock layers above. The mudstones in all three of the major sedimentary formations (Stockton, Lockatong, and Passaic) are characterized by a high CO 2 sealing capacity -evaluated critical CO 2 column heights exceed several kilometers. The igneous options are represented by basalt lavas, with porous flow tops and massive flow interiors, and a crystalline but often densely fractured Palisade Sill. The Newark Basin basalts may be too shallow for sequestration over most of the basin's area, but many other basalt flows exist in similar rift basins. Abundant fractures in sedimentary and igneous rocks are predominantly closed and/or sealed by mineralization, but stress indicators suggest high horizontal compressional stresses and strong potential for reactivation. Overall, the basin potential for CO 2 storage appears low, but select formation properties are promising and could be investigated in the Newark Basin or other Mesozoic rift basins with similar fill but a different structural architecture.
Introduction
As anthropogenic emissions of carbon dioxide (CO 2 ) continue to grow, the need to mitigate their negative effects on Earth's climate becomes more and more pressing. Most energy technology evaluations agree that carbon capture, utilization, and storage should be part of a global solution for CO 2 emission reduction (e.g., IEA, 2018; IPCC, 2018) . A diverse portfolio of potential sites for geologic CO 2 storage is needed to achieve the necessary storage volumes and efficiency and to reduce operational costs (e.g., Aydin et al., 2010; Levine et al., 2016; Rodosta et al., 2017) . Here, we report the results of evaluating reservoir and N. V. Zakharova 1,2 , D. S. Goldberg 2 , P. E. Olsen 2 , D. Collins 3 , and D. V. Kent 2, 4 sealing properties of the Mesozoic Newark rift basin, located in the northeastern United States. The site lies in close proximity to many CO 2 sources, such as large industrial plants, oil refineries, and fossil-fuel-based electric generating facilities in New York, New Jersey, and Pennsylvania (Figure 1 ). The Newark Basin is one of the largest exposed rift basins along the U.S. Atlantic coast, which were formed during the breakup of Pangaea in Late Triassic-Early Jurassic (Olsen et al., 1989; Withjack et al., 2013) . The basin fill consists of fluvial and lacustrine sedimentary rocks and intrusive and extrusive basaltic rocks belonging to the Central Atlantic magmatic province (CAMP) (Figure 1 ). This geologic setting offers an opportunity to evaluate both the conventional sedimentary features, such as basal fluvial sandstones, and more exploratory options for CO 2 storage, such as basic igneous rocks. The latter are highly reactive with CO 2 and could help to permanently sequester anthropogenic CO 2 through carbonation (e.g., McGrail et al., 2016; Pogge von Strandmann et al., 2019) .
Material presented in this paper draws on multiple projects conducted in the Newark Basin over more than 20 years of research and aims at synthesizing results relevant to evaluating the CO 2 storage potential of the Newark Basin formations. One of the earliest and most significant scientific drilling campaigns was the Newark Basin Coring Project (NBCP) in the 1990s, which collected more than 6700 m of core spanning the full stratigraphic section of the basin along with standard well logging data (Goldberg et al., 1994; Kent et al., 1995; Olsen et al., 1996) . Many subsequent studies utilized this core collection, drilled from seven stratigraphically offset holes in the central part of the basin (Figure 1c ). More recently, the TriCarb Consortium for Carbon Sequestration (TriCarb) collected new seismic data and drilled a deep stratigraphic hole in the northern part of the basin, with some limited coring and extensive state-of-the-art well logging, specifically for evaluating Newark Basin's CO 2 storage potential (Collins, 2017) (Figure 3) . A shorter core hole was also drilled in the northern part of the basin penetrating the main igneous body, the Palisade Sill, the basal sandstones, and reaching basement. The TriCarb study was followed by a narrower geomechanical study of the Newark Basin formations, and petrophysical results from this project are also incorporated in the paper. Finally, core analysis is complemented by the results of hydrogeologic tests performed in two shallow test wells on the campus of Lamont-Doherty Earth Observatory, Columbia University (Goldberg and Burgdorff, 2005; Matter et al., 2006; Zakharova et al., 2016) . This paper is an overview of reservoir and sealing properties of the Newark Basin formations and integrates all of the analysis done by these various projects to date. This information makes it possible to draw some preliminary conclusions on the suitability of the Newark Basin for geologic CO 2 storage and highlights issues that need to be addressed in the studies of Mesozoic rift basins for carbon sequestration (Table 1) .
Basin structure and potential CO 2 storage targets The Newark Basin is an elongated half-graben rift basin encompassing an area of more than 7510 km 2 in southeastern New York, northern New Jersey, and southeastern Pennsylvania (Figure 1 ). The strata generally are dipping northwest toward the border fault system at about 10° from horizontal and are overlapping crystalline basement on the eastern side. Several intrabasinal faults exist, predominantly northeast-striking normal faults synthetic to the border fault system (e.g., Schlische, 1992) . The Late Triassic basin sediments are subdivided based on lithostratigraphy into the predominantly fluvial Stockton Formation, predominantly deep-lake lacustrine Lockatong Formation, and predominantly red-bed lacustrine Passaic Formation ( Figure 2 ) (Olsen et al., 1996) . The three major formations are overlain by a series of thinner basalt flows interbedded with fluvio-lacustrine sedimentary formations of latest Triassic-Early Jurassic age, which are preserved in a relatively small northwestern area of the basin adjacent to the border fault ( Figure 1c ). The intrusive Palisade Sill occurs at different depths and stratigraphic levels at different locations. As the most recent seismic data by TriCarb illustrate (Figure 1d ), the sill, at least in the northern part of the basin, forms a continuous body across the basin and is often discordant to bedding. The coarse-grained Stockton Formation, which makes up the basal formation in the Newark Basin, has been identified as the primary target for CO 2 storage (Collins, 2017) . It consists of mostly buff and red conglomerate; buff, white, and gray arkose; and red (Collins, 2017) .
Lateral heterogeneity. Limited data on injectivity, potentially low permeability. Possible proximity of basement faults. mudstone layers. In the central part of the basin, the Stockton Formation tends to fine upward, with the uppermost hundred or so meters dominated by red mudstone (Olsen et al., 1996) . The Stockton Formation is largely fluvial (e.g., Smoot, 1991) and, consequently, is expected to have poor lateral correlation between individual units. However, a comparison of outcrop lithostratigraphy and the NBCP core (Princeton well) showed that its overall lithologic expression is consistent between the core and the type section at the Delaware River (Olsen et al., 1996) . At the northeastern basin edge, lithologic expression of the Stockton Formation differs from the central locations in having thinner and laterally heterogeneous units dominated by buff arkosic sandstones and purple and red mudstones , much of which may be the lateral equivalent of the Lockatong Formation. The mudstone layers of the upper Stockton Formation, and the overlying Lockatong and Passaic formations, offer numerous levels of mudstone caprock for potential Stockton Formation reservoirs. Full Stockton thickness is not well constrained throughout the basin as only two drill holes penetrated basement (Lamont test well 4 and North Central Oil J. Parestis no. 1 well), both of them located on the basin margins Collins, 2017) . Based on the structural constraints, the Stockton Formation is projected to reach approximately 1800 m thickness in the central portion of the basin, thinning toward the eastern basin margin (e.g., Schlische, 1992) , and plausibly pinching out by onlap onto prerift rocks at the northeastern and southwestern ends of the basin . Due to the northwestward dip, the depth to the top of the Stockton Formation varies significantly, from outcrops along the eastern basin margin to at least 5 km in some parts of the central basin (Schlische, 1992) . . Geophysical data from the NYSTA Tandem Lot # 1 well integrated with the TriCarb seismic data acquired in the northern Newark Basin. From left to right: simplified lithocolumn indicating potential reservoir intervals identified by TriCarb in blue; natural gamma ray activity log (green); bulk density log (raw data in black, corrected for borehole conditions in red); sonic P-wave velocity log (blue); sonic S-wave velocity log (magenta); reflection coefficient (primary) trace computed from the density and velocity logs; a section of synthetic seismogram computed from the primary trace; and a section of the reflection seismic data from Figure 1 with a synthetic trace overlain along the trajectory of Tandem Lot # 1 well. As illustrated by the gamma log (low values in sandstones, high values in mudstones), sandstone layers at the locality are only 3-7 m thick and decrease in frequency with depth.
Over more than two-thirds of the basin area, the Stockton Formation occurs at suitable sequestration depths (below about 800 m, where CO 2 is expected to be in supercritical state [Battelle, 2011] ), but the upward migration along bedding toward the outcrops could be a concern.
The Lockatong and Passaic formations are largely lacustrine and cyclical, dominated by finer grain sizes (mudstone to fine sandstone) (Olsen, 1980; Olsen et al., 1996 Olsen et al., , 2016 . The NBCP core holes in the central basin did not intersect any significant coarse sandstones in the Passaic Formation. Toward the basin edges, however, the Passaic becomes much coarser and includes a significant number of medium to coarse-grained sandstone and fine conglomerate layers (Olsen, 1980; Collins, 2017) (Figure 3 ). Intersected at shallow depths in the New York State Thruway Authority (NYSTA) Tandem Lot #1 hole (Rockland County, New York), the layers are projected to occur at greater depths farther west, potentially suitable for supercritical CO 2 storage. The reflection seismic profiles suggest some lateral continuity of Passaic Formation horizons in that part of the basin (Figure 1d ), but the degree of lateral heterogeneity of the formation is unknown.
Reservoir and sealing properties of sedimentary formations
Stockton sandstones consist primarily of quartz and feldspars ( Figure 4) , with minor amounts of clays and calcite and occasionally mica, pyrite, and amphibole. The porosity is predominantly intergranular, although some porosity is also observed in leached and/ or weathered feldspars ( Figure 5 ) (Collins, 2017) . A compilation of more than 70 physical property measurements on core and borehole wall plugs from the NBCP Princeton well (central basin), NYSTA Tandem Lot #1 well, and Lamont test well 4 (northern basin) shows that most of the Stockton Formation sandstones are characterized by a porosity from 8% to 18% and an air permeability between 0.1 and 50 mD ( Figure 6 ). Sampling for porosity analysis, however, was biased toward higher porosity intervals as potential reservoir targets, and a true porosity distribution for the Stockton is more likely to peak at lower values. Analysis of sonic porosity logs from the central basin (Princeton well) suggests that only about a quarter of the Stockton Formation thickness contains porosity over 6% (Collins, 2017) . Based on the available constraints on the Stockton Formation volume and effective porosity, TriCarb estimated potential CO 2 storage capacity of this formation between 2 and 30 gigatonnes assuming the storage efficiency of 0.51% to 5.4%, respectively (Collins, 2017) . This equates to roughly 4 to 60 years' worth of CO 2 emissions from New York, Pennsylvania, and New Jersey combined (EPA, 2019). These figures are likely overly optimistic as they do not consider injectivity of the Stockton Formation, only the nominal pore volume available for storage.
Hydraulic tests (Lamont test wells 3 and 4) in the marginal Stockton Formation, which is generally characterized by higher core porosity and permeability than in the central basin ( Figure 6) , showed little to no flow in most of the high-porosity sandstones, even at relatively shallow depths of 200-500 m below surface . In the same depth intervals where core data indicated high porosity and permeability in the arkosic sandstones, fluid flow was either zero or below the flowmeter detection limit (0.1 L/min) under ambient conditions (Yang et al., 2014; Zakharova et al., 2016) . Under injection conditions, fluid flow could be detected only in a few sparse and narrow (1-3 m thick) intervals, ranging in transmissivity from 10 -9 to 10 -5 m 2 /s. At least half of those transmissive intervals corresponded to fractures observed with a borehole televiewer . These observations suggest that core-scale properties are not representative of the field-scale formation properties, and larger scale heterogeneity appears to significantly reduce the reservoir quality compared to the sandstone matrix properties measured on 5 cm long core plugs. Deeper parts of the Stockton Formation are likely to be more compacted with further reduction in porosity, as suggested by the overall lower porosity range of the Stockton Formation samples (NBCP, Princeton well, greater than 400 m depth) compared to the marginal Stockton samples (Lamont test well 4, less than 400 m depth) ( Figure 6 ). In addition, deep samples from the Stockton display signs of hydrothermal alteration through sodium metasomatism, manifested as pervasive albite cement (El-Tabakh and Schreiber, 1998) . Low hydraulic transmissivity of the Stockton Formation and its immediate proximity to crystalline basement raise a concern of pressure buildup and induced seismicity during CO 2 injection, which is discussed in greater detail later.
A significant number of Passaic Formation sandstones from the northern part of the basin (NYSTA Tandem Lot #1 well) are characterized by higher porosity and permeability values than the Stockton Formation -approximately 10%-18% porosity and air permeability up to 2000 mD ( Figure 6 ). Based on the sidewall core and well-log data, TriCarb identified three intervals with potential reservoir-quality sandstones at the location of NYSTA Tandem Lot #1 well ( Figure 3) (Collins, 2017) . All of them have interbedded mudstone and siltstone layers, with a net volume of sandstones of 72%, 54%, and 38% (listed in order of increasing depth). In the Tandem Lot hole, they occur at depths of 650-750, 850-1000, and 1100-1300 m, respectively (Figure 3) . Only in the top of those three intervals do sandstones comprise more than two-thirds of the net thickness and form individual layers of more than a few meters thick. The bottom two intervals, with half or less thickness composed of sandstones, all less than 7 m thick, are arguably not of high reservoir quality. The Passaic Formation in the central basin is predominantly fine grained (Olsen et al., 1996) , and the extent of porous Passaic sandstones in the north is unknown. Based on the outcrop dip and seismic data (Figure 1d ), the sandstone layers intersected by the Tandem Lot well are projected to occur at greater depths to the west of the drilling site. However, there is a strong trend of porosity reduction with depths observed in the core and log data (Collins, 2017) . For example, several conglomerate and sandstone beds, which were cored at about 1400 m depth in the Tandem Lot well, were fully cemented and had near zero porosity. Therefore, the extent of the shallow high-porosity Passaic Formation units cannot be reliably projected to greater depths in the basin.
Numerous layers of mudstones occur in all three of the major formations, offering multiple levels of potential caprock throughout the basin. A majority of tested mudstone samples have a low porosity (less than 5%) and a low permeability (less than 0.1 mD) ( Figure 6 ). Mercury injection capillary pressure indicates that pore throats in mudstones from all three formations are narrow -0.001-0.03 microns (Figure 7) . Calculated threshold CO 2 column heights, which these mudstones could withstand, are on the order of several kilometers, suggesting excellent sealing capacity (Thibodeau et al., 2018) . While the Newark Basin may lack the highest quality reservoir rocks, the lacustrine mudstones have good sealing properties for stratigraphic trapping of CO 2 injected below. This suggests that other Mesozoic rift basins might be suitable for CO 2 storage if proper reservoir layers could be identified.
Role of fractures and geomechanical considerations
An important attribute of the Newark Basin formations is the presence of widespread natural fractures, many of which are mineralized (e.g., Herman, 2009 Herman, , 2010 . The two dominant sets are extensional fractures steeply dipping to the southeast and bed-parallel fractures shallowly dipping generally to the northwest (e.g., Schlische, 1992; Goldberg et al., 2003; Matter et al., 2006; Herman, 2009 ). While fracture orientation in the basin is well described, their hydraulic properties are not well Figure 6 . A compilation of core porosity and permeability data for the Newark Basin formations. Passaic sandstones with porosity under 5% came primarily from the Tandem Lot core, collected for depths below 1400 m, while the rest of the samples were collected from drill core and sidewall plugs above 1100 m. constrained, particularly below depths of a few hundred meters. Shallow aquifer systems in the Newark Basin (to about 200 m depth) are commonly associated with fractured sedimentary formations (Houghton, 1990; Morin et al., 1997 Morin et al., , 2000 Lacombe and Burton, 2010; Heisig, 2011) , but almost no data are available for depths below 200 m. The flowmeter and injection test conducted in the marginal Stockton Formation sandstones in the 200-500 m depth range (Lamont test wells) demonstrated that most of the intersected fractures were not hydraulically conductive . The tests also suggested significantly inferior hydraulic properties below 200 m than in the shallow fractured aquifers. For example, water wells penetrating the shallow Stockton Formation in the central basin have water supply rates up to 10 L/s (e.g., Herman, 2010) , but water flow rates in the marginal Stockton Formation are about two orders of magnitude lower (Yang et al., 2014; O'Mullan et al., 2015) . The lower transmissivities observed in the marginal Stockton can be explained by increased overburden pressure at greater depths, closing fractures, and reducing bulk conductivity, as well as by its closer proximity to the basin edge where the Stockton Formation grades laterally into the Lockatong Formation, which exhibits inferior hydraulic properties basin wide (Herman, 2010) . Therefore, data in the marginal Stockton Formation might not be directly applicable to characterizing hydraulic properties in the central Stockton Formation, and no data on fracture transmissivity are available for the Stockton Formation below depths of a few hundred meters.
A major concern regarding CO 2 injection into fractured and faulted rocks of the central Newark Basin would be a risk of induced seismicity (Zoback and Gorelick, 2012) . More than 300 seismic events up to magnitude 5.25 have been identified from historical records and instrumental data in the crystalline rocks around the Newark Basin and in the Ramapo seismic zone that is associated with its border fault system (Goldberg et al., 2003; Sykes et al., 2008) . Since induced seismicity from fluid injections in sedimentary basins has often been associated with basement faults (e.g., Keranen et al., 2014; Yeck et al., 2016) , pressurized injection into the Stockton Formation immediately above basement could raise a concern of potential fault reactivation. Borehole breakouts observed in multiple boreholes in the Newark Basin confirm present-day strike-slip/reversefaulting stress regime with a northeast-southwest direction of the maximum compressive stress and are consistent with regional tectonic data (Goldberg et al., 2003; Sykes et al., 2008; Zakharova and Goldberg, 2014) . Modeling of borehole breakouts using formation strength from core measurements suggests that horizontal stress magnitudes in the Newark Basin could be near the frictional failure limit for the strike-slip and reversefaulting regimes. Many of the observed fractures striking northeast-southwest would be prone to activation in the strikeslip regime with a minor increase in pore pressure, although assessing the likelihood and maximum magnitude of such events is not feasible with currently available data. Hydrologic numerical modeling for the Newark Basin formations showed that an industrial-scale sequestration project (injection of 1 MMt/yr over 30 years) would result in a maximum pore pressure rise of approximately 8 MPa for a base-case formation permeability of 50 mD (Collins, 2017) . Such a pressure buildup, even if short in duration, could exceed triggering threshold for favorably oriented fractures and faults in the basin. Therefore, the currently available data on the state of stress and formation properties in the Newark Basin suggest a potential risk of induced seismicity during an industrial-scale CO 2 injection, but quantifying the risks and possible magnitudes of induced events requires additional data and geomechanical analysis.
Potential for storage in igneous rocks
Numerous onshore and offshore Mesozoic rift basins along the Atlantic coast host remnants of the CAMP, which may have been the most extensive large igneous province (LIP) at the time of its emplacement about 200 Myr ago (Marzoli et al., 1999) . CAMP Basalt flows, as in other LIPs, tend to be laterally extensive (from several to hundreds of square kilometers), hundreds of meters thick, and have highly vesicular flow boundaries (Puffer and Philpotts, 1988; Olsen et al., 2007) . Such interflow zone properties in basalts, when well sealed, could be effective as CO 2 reservoirs (e.g., McGrail et al., 2006) . In particular, the lowest CAMP Basalt unit, the Orange Mountain Basalt, cored during the NBCP (Martinsville site), contains interflow zones with estimated porosity of 15% (Goldberg et al., 2010) , but it occurs at shallow depths (less than 1 km) over most of its area. Such basaltic flows are found deeper in other Mesozoic rift basins such as the Hartford Basin where postbasalt strata reach thickness in excess of 2 km (e.g., Kent and Olsen, 2008; Akintunde et al., 2013) . Goldberg et al. (2010) estimate that basalt storage capacity of even a small rift basin, such as the Sandy Hook Basin offshore New Jersey, may exceed hundreds of megatons of CO 2 . The main advantage of targeting basaltic rocks for carbon sequestration is their potential for mineral carbonation, which transforms mobile CO 2 into a stable mineral form (e.g., McGrail et al., 2006; Matter et al., 2016) . Schaef et al. (2010) tested the CO 2 reactivity of various flood basalts and showed that a sample from the Holyoke Basalt of the Hartford Basin*, equivalent of the second flow of the Preakness Basalt, was by far the most reactive with supercritical CO 2 . This flow and its untested Newark Basin equivalent (Preakness Basalt) have a distinctive and dense fracture system . Extrusive flows in the Newark Basin and other Mesozoic rift basins, therefore, present attractive targets for CO 2 sequestration.
The Palisade Sill, which is also characterized by mafic composition (primarily dolerite, or diabase) and forms an extensive and continuous body (Figures 1c and 1d) , does not appear to possess enough porosity to be considered as a potential CO 2 reservoir. The sill displays many cooling joints and fractures, but they all appear either mineralized or closed at depth (Goldberg and Burgdorff, 2005; Matter et al., 2006; Zakharova et al., 2016) . Such impervious sills and dykes could serve as caprock, providing *It is labeled "Newark Basin" in the paper, but the locality is identified as "… a roadside outcrop near Branford, Connecticut …" (p. 250), which is in the Hartford Basin, and a location where the second flow of the Holyoke Basalt is the only well-exposed unit.
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Conclusions
Extensive coarse-grained arkosic sandstones occur in the Stockton Formation and more locally in the Passaic Formation in the Newark rift basin. Routine core measurements in these sandstones suggest reservoir-quality porosity and permeability, but limited borehole tests indicate relatively poor hydraulic properties. These results highlight the importance of the scale of investigation when determining hydraulic properties in heterogeneous rift basin formations. The core samples were taken from coarse-grained intervals devoid of fractures and visible heterogeneities and therefore represent centimeter-scale matrix porosity of select sandstone layers. The borehole hydraulic tests characterize formation properties at a scale of meters to tens of meters, representing a combined effect of matrix property, fractures, and various formation heterogeneities. Since in situ measurements indicate much lower formation permeability than laboratory matrix properties, formation heterogeneities appear to decrease the net effective hydraulic conductivity in these sandstones. A low in situ permeability raises a concern of pore pressure buildup during a large-volume CO 2 injection, potentially inducing slip on fractures and faults, which are common across the basin. The state of stress inferred from borehole data suggests high compressive stresses and a risk of fracture reactivation with only a few MPa pore pressure increase. This risk renders the basal Stockton Formation (overlying basement at many locations) a less attractive target for industrial CO 2 storage than the shallower Passaic Formation. High-porosity samples were collected from very shallow depths in the Passaic, and the extent of high-porosity zones to greater depths could not be confirmed. Alternatively, CAMP Basalt flows occurring in the Newark Basin and similar Mesozoic rift basins, both onshore and offshore of the U.S. Atlantic coast, present an attractive target for CO 2 storage due to high CO 2 reactivity and high porosity along flow boundaries. If injectivity of such flow boundaries is confirmed, their large lateral extent and numerous occurrences would offer ample reservoir capacity with overlying lacustrine mudstones serving as caprock. Overall, available data on the Newark Basin Formation properties suggest a limited capacity for CO 2 storage due to potentially low injectivity in deeper reservoirs and a potential risk of induced seismicity on reactivated faults. Other Mesozoic rift basins, both onshore and offshore, with more favorable stress conditions and architecture but similarly containing thick, high-porosity sandstones, basaltic interflow zones, and overlying mudstone and basalt sealing layers, should be investigated as viable resources for large-scale CO 2 storage.
